Amyloid cascades leading to peptide β-sheet fibrils and plaques are central to many important diseases. Recently, intermediate assemblies of these cascades were identified as the toxic agents that interact with the cellular machinery. The location and cause of the transformation from natively unstructured assembly to the beta-sheet oligomers found in all fibrils is important in understanding disease onset and the development of therapeutic agents. Research on this early oligomeric region has largely been unsuccessful since all traditional techniques measure only ensemble average oligomer properties. Here, ion mobility methods are utilized to deduce the peptide self-assembly mechanism. We look at a series of amyloid forming peptides clipped from larger peptides or proteins associated with disease. We provide unambiguous evidence for structural transitions in each of these fibril forming peptide systems establishing the potential of this method for the development of therapeutic agents and drug evaluation.
structures 13, 17, 19, 20, 23, [26] [27] [28] , which has never been directly observed. Mass spectrometry has been widely applied to the formation of non-covalent complexes including peptide/ protein aggregation29-35. However, here we present the first observation of the globular -β-sheet transformation in an aggregating peptide system using ion mobility spectrometrymass spectrometry (IMS-MS) 23, 27, [36] [37] [38] [39] . This is achieved by successively mass-extracting a specific aggregation state from a distribution of oligomers and subsequent determination of its collision cross section, enabling us to deduce the peptide self-assembly mechanism (see Fig.1 ). Our results show transitions of early, soluble peptide oligomers from a globular to a fibrillar conformation, including the "steric zippers" 9,10,14 motif of two interdigitated β-strands. Atomic force microscopy (AFM) and x-ray data of macroscopic aggregates clearly support these findings on the early oligomers, demonstrating that IMS-MS is capable of elucidating the structural processes involved during onset of amyloid formation. IMS-MS therefore has the potential to open new avenues for investigating the pathogenic mechanisms of amyloid diseases, their early diagnosis, and eventual treatment.
Results and Discussion
The peptides studied include H-Asn-Asn-Gln-Gln-Asn-Tyr-OH (NNQQNY), H-Val-GluAla-Leu-Tyr-Leu-O H (VEALYL), and H-Ser-Ser-Thr-Asn-Val-Gly-OH (SSTNVG), important segments from amyloid forming yeast prion protein Sup35, human insulin and human islet amyloid polypeptide (IAPP, diabetes type 2), respectively. Fibril structures for NNQQNY, VEALYL, and SSTNVG were recently reported by Eisenberg and co-workers at atomic resolution 9,10,14. For comparison we include the hormone Leu-Enkephalin (H-TyrGly-Gly-Phe-Leu-OH, YGGFL), which forms an isotropic crystal lattice instead of amyloid fibrils 40,41.
All peptides show pronounced oligomerization under the IMS-MS conditions employed. Typical mass spectra for YGGFL and VEALYL are shown in Fig. 2 , and those for NNQQNY and SSTNVG in Supplementary Fig. S7 . The mass spectrum of VEALYL shows formation of oligomers up to the tetradecamer (n=14) which can be unambiguously identified based on their mass-to-charge (m/z) ratio. The singly protonated momoner (oligomer number n = 1, charge z = 1, m/z = 707.4) is the most abundant peak. However, larger oligomers, such as the triply protonated pentamer (n/z=5/3; m/z = 1178.3) or the triply protonated heptamer (n/z=7/3; m/z = 1649.3), are of significant abundance. For YGGFL the largest oligomer identified unambiguously is the six-fold protonated nonadecamer (n/z = 19/6; m/z = 1759.4). Mass-selected arrival time distributions (ATDs) (see Supplementary  Figs . S8, S9, S11 and S14) allow the determination of accurate collision cross sections for each of these species and thus provide detailed structural information on the individual aggregation states. Mass spectra and collision cross sections where obtained over the time course of several weeks, and are consistent with a rapidly established steady-state among the soluble peptide oligomers (see section S5 in the Supplementary Information).
Aliquots for AFM imaging (see Fig. 3 and Supplementary Figs . S3-S6) were taken from the same samples that were used for IMS-MS analysis and imaged as described in the Methods section. AFM images reveal the existence of macroscopic peptide fibrils for NNQQNY ( Supplementary Fig. S4 ), VEALYL ( Fig. 3b and Supplementary Fig. S5 ) and SSTNVG (Supplementary Fig. S6 ). This is in line with previous reports by Eisenberg and co-workers on the same peptides 9,10,14. Under the conditions applied in the current work, exclusive formation of fibril structures is observed for VEALYL only, while for NNQQNY and SSTNVG macroscopic granular aggregates are observed in addition to peptide fibrils ( Supplementary Figs. S5 and S6 ). The hormone YGGFL exclusively forms granular structures and no fibrils (Figs. 3b and Supplementary Fig. S6 ), in line with previous reports based on x-ray diffraction methods 40,41. These results indicate a significant conformational transition from isotropic oligomers to β-strand structures (see Fig.1 ) among soluble oligomers of the three fibril forming peptides peptides NNQQNY, VEALYL, SSTNVG, but not YGGFL under the conditions applied in the current work.
While granular aggregates ultimately result from spatially isotropic growth, fibril structures imply a spatially strongly directed self-assembly of soluble oligomers. These two modes of self-assembly reveal significantly different signatures when the structural evolution of peptide oligomers is determined by IMS-MS (Fig.1b, Supplementary Information section  S1 ) .
In isotropic growth the collision cross section σ is related to the oligomeric state n by , where σ mon is the monomer cross section. This type of self-assembly is easily distinguished from idealized fiber assembly. As oligomers grow specifically in one direction the collision cross section increases linearly with oligomer number (σ = a · n + k, see Supplementary Information section S1.2). Here, the slope a describes the fibril shell area per monomer unit and k is related to the fibril base given by the fibril diameter, yielding detailed physical parameters of the fibril growing in solution. For instance, the base area (given by k) of a growing double stranded fibril ("steric zipper" 9,10) would be approximately twice that of a single strand. Fig.4a depicts the structural evolution of YGGFL oligomers as a function of the oligomer number n from n = 1 to n = 17 deduced from IMS-MS experiments. In these experiments, oligomers from a YGGFL sample solution are electrosprayed, mass-selected, and characterized by their collision cross sections measured in a drift tube filled with helium. Only one major conformational family is observed for each YGGFL oligomer. The YGGFL collision cross sections (Supplementary Information section S4.3) are in excellent agreement with fully isotropic self-assembly. Consequently, the self-assembly mechanism (Fig.5) is consistent with formation of granular, isotropic insoluble macroscopic aggregates. AFM imaging of aliquots taken from the same sample that was used for IMS-MS analysis shows exclusive formation of granular macroscopic aggregates for YGGFL (Fig. 3) , consistent with isotropic assembly in solution. This observation is further supported by the excellent agreement of the measured monomer collision cross section of YGGFL (160 Å 2 ) with that obtained for the x-ray geometry (162 Å 2 ) 40.
The structural evolution of YGGFL oligomers is in strong contrast with that observed for NNQQNY ( Fig.4b and Supplementary Information section S4.4) . Here, the lower curve is that expected for isotropic growth as observed for YGGFL, and the upper straight line represents single-strand fibril growth deduced from the x-ray data of Eisenberg and coworkers 9,10. Clearly, oligomer growth proceeds isotropically up to about the nonamer; larger structures then emerge which cannot be explained by isotropic self-assembly. The presence of multiple conformations for one particular oligomer size is evident by IMS as multiple peaks in the ATD (see Supplementary Information section S4). Species with a large cross section arrive at the detector later due to a longer drift time in the IMS tube. The most extended conformation of a particular oligomer is commonly significantly larger (e.g. ca. 20% for n = 12 and ca. 40% for n = 16) than the corresponding isotropic one (green line) and better agreement with single strand fiber growth for these more extended oligomers is observed. These fibril-like structures continue to compete with isotropic assemblies, until at the nonadecamer and eicosamer only a single fibril-like oligomer conformation remains. Both isotropic as well as fibrillar macroscopic aggregates are observed by AFM of the same sample ( Supplementary Fig. S4 ). This suggests that the structural polymorphism revealed in The collision cross sections of VEALYL oligomers in Fig.4c reveal two distinct regions with linear growth. One segment extends from n = 2 to n = 5 and the second from n = 5 to n = 14, the largest oligomer for which we have reliable cross sections (Supplementary Information section S4.5). Significant differences are observed in the fibril shells (91 and 62 Å 2 ) and end caps (118 and 265 Å 2 ) of the two segments, indicating that the physical dimensions of the growing fibrils are clearly different in the two regions. It is of note that the physical dimensions of the first segment from n = 2 to n = 5 (shell = 91 Å 2 , cap = 118 Å 2 ) are in close agreement to those observed for the single strand fiber growth observed for NNQQNY from n = 10 to n = 20 (shell = 90 Å 2 , cap = 122 Å 2 ). As single fiber strands from two hexapeptides should have similar physical dimensions, this result suggests that the early oligomers of VEALYL from the dimer to the pentamer grow as single-strand fibers. However, more important is the fact that the fiber end cap of the second segment from n = 5 to n = 14 (265 Å 2 ) is about twice that of the single-strand fiber growth observed in the first (118 Å 2 ). This clearly indicates a significant structural rearrangement of the growing fiber occurring at the pentamer, with the resulting fiber having about twice the diameter of the initial one, consistent with a "steric zipper" for this segment. From these observations, we therefore conclude that single strand fibril growth occurs initially from the dimer to the pentamer, where a structural rearrangement to a growing "steric zipper" occurs. A summary of the VEALYL oligomerization mechanism is given in Fig.5 . Eisenberg's x-ray data 9 yield fiber shells of 96 and 71 Å 2 and fibril end caps of 118 and 265 Å 2 for the single-and double-strand fiber growth, respectively, in very good numerical agreement with our IMS results (91 and 62 Å 2 and 118 and 265 Å 2 , respectively). This agreement provides strong support for the self-assembly mechanism depicted for VEALYL in Fig.5 . It is also of importance that only fibers -and no granular macroscopic aggregates -are observed by AFM (see Fig.3 ) of the same sample used for IMS-MS, consistent with this mechanism.
The cross section data of SSTNVG are given in Fig.4d as are the three limiting model predictions. Only a single family of structures is observed until n = 12 at which point weak new families emerge. The dominant family closely follows the isotropic growth pattern through n = 14 but the weaker families approach the steric zipper line beginning at n = 12. This process is schematically shown in Fig.5 . Fibrils are formed from our experimental solution, however, as indicated by AFM. These fibril structures coexist with macroscopic granular aggregates (Supplementary Fig.S6 ).
On the basis of the collision cross section data (Fig.4) for YGGFL, NNQQNY, VEALYL and SSTNVG we conclude that highly significant differences are observed in the soluble self-assembly phase of all peptides, but especially between the fibril (NNQQNY, VEALYL and SSTNVG) and the crystal lattice forming (YGGFL) classes of peptides. YGGFL selfassembles isotropically, while this growth mechanism is observed only for the earlier oligomeric states of the fibril forming peptides. For these latter peptides fibrillar cooperative β-sheets prevail for large oligomers. Fibril growth in a β-sheet conformation is observed both as a single-strand fiber (NNQQNY, VEALYL) as well as in the two-strand fiber "steric zipper" model (VEALYL, SSTNVG) proposed by Eisenberg 9, 10 . Also of importance is the fact that NNQQNY undergoes a transition from a natively unstructured assembly to a highly ordered β-sheet assembly beginning near the ocatamer. While this type of transition has long been postulated in amyloid peptides and proteins 13, 14, 16, 17, [19] [20] [21] [23] [24] [25] [26] [27] [28] , here we present the first unambiguous observation of this phenomenon. Of direct relevance to amyloid disease research is the observation of conformational transitions to β-sheet prevalent peptide assemblies before the formation of the eicosamer, because this is the regime of soluble peptide oligomers in which conformational polymorphism has been implicated with cytotoxicity 26. The cross section data presented in Fig.4 for oligomers are well correlated with the AFM data on macroscopic assemblies obtained from the same samples that were used for IMS-MS analysis. The self-assembly mechanism of YGGFL observed by IMS-MS is consistent with the AFM data in that no peptide fibrils and exclusively granular macroscopic aggregates are formed. However, the cross section data for NNQQNY, and especially SSTNVG, indicate both fibrils and spatially isotropic (i.e. granular) macroscopic aggregates may coexist for these systems. These observations are completely consistent with the corresponding AFM data. At the same time AFM imaging shows that no granular structures are formed by VEALYL, again confirming the self-assembly mechanism observed by IMS-MS for this peptide. This strong correlation is further highlighted by the almost exact agreement with x-ray data obtained by Eisenberg and coworkers 9,10 for the physical dimensions of the growing fibrils of NNQQNY, VEALYL and SSTNVG.
We conclude that the IMS-MS technique enables us to study the structural evolution of soluble peptide oligomers one monomer at a time. IMS-MS analysis of peptide selfassembly thus opens new avenues for the investigation, detection and eventual treatment of pathogenic processes in amyloid diseases implicated by soluble peptide or protein oligomers.
Methods
A full description of methods is given in Supplementary Information. Briefly, for IMS-MS samples were dissolved in Water:Methanol to the desired concentration (100μM -1mM) and loaded into gold coated nanoESI capillaries and electrosprayed on home-built instruments. Ions are focused, stored in an ion funnel and pulsed into a drift tube filled with 13 torr of He. They are pulled through the drift tube under the influence of a weak electric field. At the end of the drift tube ions of a particular oligomeric state are mass selected and their arrival time distribution (ATD) is recorded. The arrival time is related to the collision cross-section of the ion (see Supplementary Information) . Theoretical cross sections were computed as described in the Supplementary Information. For AFM images aliquots of the same peptide sample solutions were drop cast onto freshly cleaved mica slides and imaged on a MFP-3D-BIO instrument (AsylumResearch, Santa Barbara).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. ESI-Q mass spectra (positive ion mode) show extensive aggregation for the peptides YGGFL (a) and VEALYL (b). The peaks are annotated by the number of monomers n over the charge z (n/z). Large oligomers (n/z=19/6; n/z=11/5) can be unambiguously identified in the spectra. Aggregation is fully isotropic for all oligomeric states observed of YGGFL. For NNQQNY self-assembly initially proceeds via spatially isotropic clusters until ca. the nonamer (n = 9). Between n = 9 and n = 12, oligomers with single-strand fibril structures coexist with isotropic peptide clusters. Fibrillar β-sheet structures become prevalent for n > 16, indicative of a conformational transition from globular to β-sheet fibrillar oligomers. VEALYL exhibits growth as a single fiber strand from n = 2 to n = 5, and from n = 5 onwards is found to self-assemble via a "steric zipper" pathway. SSTNVG self-assembles as orientationally isotropic compact oligomers over all oligomeric states examined. However, "steric zippers" emerge for n > 11.
